A concept of ore refining by microwave heating and a model of the microwave smelting furnace were proposed in order to build the first prototype furnace for efficient iron ore refining. The repose and wall friction angles were measured for powdery ores (mined in Robe River, Australia), and the electromagnetic field distribution was analyzed through numerical calculation to design the furnace.
1. Introduction
Chemical reactions in microwave fields
Recently, microwave heating has become a new form of supplying energy, instead of heating with fire. Microwave heating has been studied extensively to apply several chemical reductions and heating processes. [1] [2] [3] [4] This is because microwave heating has many advantages over conventional methods. Firstly, microwave heating is a new energy supply method that rapidly heats objects to high temperatures. With conventional heating methods, rapid heating requires high speed blasting and a thermal driving force. The microwave process does not need either one of these controls. Secondly, microwave heating is a form of internal heating. A material can be heated to a high temperature uniformly in the field. Finally, the material can be uniformly-heated in a microscopical sense. In addition to these merits, a reduction creates different scientific behaviors in the microwave field.
Low-temperature reductions were observed in the field, and a non-equilibrium state was brought out of the lowtemperature reduction through selective heating from the microwave. 1, 2) The chemical reaction mechanism in the microwave field remains unknown factors to be studied.
Design concept for a microwave smelting furnace
An example of iron making which employs microwave heating can be found in microwave metal refining. [3] [4] [5] The advantages of a microwave smelting furnace are as follows: 5) (1) A large amount of carbon is not necessary for burning. A microwave smelting furnace emits only a half the amount of carbon dioxide gas. (2) Pig iron is made within 10 minutes, and the process is very easy to control. (3) Pig iron contains a small amount of impurities (Mn, S, Si and Ti). The impurities are under a tenth of those found when heating with a conventional blast furnace. This advantage can cut-out several processes, including preliminary treatments of the pig iron, the converter, and decarburization.
The design of the new blast furnace was based on following the characteristics of a conventional furnace. The microwave is injected from the tuyer. The furnace employed microwave heating instead of using a high temperature air ballast. Microwave radiates the lower part of the shaft to heat up the iron ore to 1300 degree and enhances the oxygen reduction to iron ore. Huang et al. succeeded in reducing iron ore with microwave heating. They reported a design of a microwave smelting furnace. 4) To the author's knowledge, there are no iron making processes similar to theirs. However, their process employed microwave heating against the reduction from Fe 3 O 4 to FeO. Arc plasma was employed as a heating source to reduce FeO to Fe. Their furnace was a microwave-arc mixed type and needed a manufacturing line in order to reduce FeO. The line results in a loss of both energy and cost. Our process employed microwaves against the reduction from Fe 3 O 4 to Fe. In this study, the furnace did not need the manufacturing line and was designed based upon characteristics of a conventional blast furnace.
A microwave smelting furnace employing pure microwaves as the heating method was reported. 1, 5) The furnace could produce Fe, as reductions of ore, as well as the refining process do not need a line. A microwave smelting furnace requires the ability to provide 20 tons of pig iron per day in order for a scientific investigation to progress successfully. This study now comes to the building of the first prototype furnace. However, the design concept of the furnace did not consider an efficient refining process.
In this paper, the concept of metal refining by microwave heating is proposed. A microwave smelting furnace with an efficient process was designed and was used in the building of the first prototype furnace. To design the furnace, the repose angle and the wall friction angle were measured for powdery ore, and the electromagnetic field distribution was analyzed through numerical calculation.
Concept of Microwave Ore
Refining and an Approach for a Microwave Smelting Furnace 2.1 Concept for microwave ore refining Powdery ore was employed in the metal refining process because the powder has a larger surface area, per unit volume. The large surface area can accelerate a reduction, which indicates that the reduction maintains its high rate at a lower temperature. Both the Fastmet and Tatara methods utilized this principle and these processes can reduce iron ore at low temperatures. The reducing dose was limited by the supplied energy in these processes. We can reduce large amounts of ore to remove this limit, which is the concept of the furnace. This concept proposes that microwave heating can supply a much larger amount energy than the conventional heating can. It is easy to control the energy flow, and the process is able to supply large amounts of energy and provides a considerable benefit for industrial processes.
Microwave heating also has the other merits for each refining process. In the steel making process, the amount of carbon needed for the energy supply is 50% of a conventional amount. Microwave heating can reduce the extruded carbon burning. Additionally, it was reported that TiO 2 can be reduce the TiO 2 through microwave heating. 6) An efficienct microwave furnace was needed for powders.
The discussion will now focus on the concept of an efficiently flowing furnace. Efficiency of a furnace is defined as follows: (1) Iron ore, coal, and other raw materials move in a quick and efficient manner. Figure 1 shows a design guide of a microwave smelting furnace. The design was classed into 2 groups: shape design, and choice of refractory. Materials that have low thermal conductivity, permittivity, and permeability are adequate for the refractory. We will provide a microwave smelting furnace shape for an example of ore refining in a microwave furnace. The shape design concept was discussed from the point of view of the powder flow, the electromagnetic field, and the rate of thermal heat transfer.
Repose and wall friction angles of powdery iron ore
Powdery iron ore mined from the Robe River, Australia was employed as a sample. It must be noted that the powdery ore is inevitably the by-product in the mining process. The iron ore is traded at a low price because it includes certain amounts of crystal water. Crystal water is advantageous for microwave heating.
The particle sizes were measured through a series of meshes. These meshes were divided into 4 types by size: fine: the powder sieved to a 1.0 mm mesh, small: the powder remaining between 1.0 mm and 2.0 mm meshes, medium: the powder remaining between 2.0 mm and 5.0 mm meshes, and large: the powder remaining over larger than the 5.0 mm meshes.
An injection method was employed in this paper. A cylinder (bore diameter: 12 mm, height: 70 mm) was used to inject the sample as shown in Fig. 2 . The shaft was set 300 mm above the steel plate. The powder falls into the shaft. The powders build up on the corn with a certain gradient in response to the distribution of the powder sizes. The height and diameter of each of thebase circles of the coneswere measured. The gradient was defined as repose angle. The wall friction angle was measured for the design of a microwave smelting furnace. The angles changed their values in response to the coefficient of friction of the wallpowder interface. An iron plate, wiped with ethanol, was employed in this study. The plate was covered with powder 10.0 mm thick. The plate edge was moved up, and the slope gradient was controlled. With angle increase, the iron ore begins to collapse lightly. The surface layer of the mountain begins to be slippery at an angle. The angle was defined as the wall friction angle.
Simulation of electromagnetic field distribution in a
furnace This paper employed the powdery ore's repose angle to design the furnace because the dominant component of raw material is powdery ore. In the previous work, we used magnetite ore-15 mass%coal-composite pellets. 7) It is well known that repose angles are sensitive to carbon incorporation. Angles for simulations were designed as less than half degrees, which were measured for safe operation.
The heating efficiency and life of a furnace are greatly affected by electromagnetic field distributions. The basic shape was designed through geometrical optics theory to focus microwave energy on ores near the taphole, because raw materials lose huge amounts of energy through thermal conduction at high temperatures. It is assumed that a furnace with a 1.0-meter radius was employed to reduce 20 tons of Fe per day (if the iron ore was made of pure Fe 2 O 3 , we would need about 1.4 tons of ore to make 1.0 ton Fe. A furnace with a 1.0-meter radius can reduce 1.7 tons of Fe for an ore cone).
A finite element method (FEM) was employed to simulate the electromagnetic field distribution in the furnace. An expression to become the object is Maxwell equation. We employed different software for shape making and numerical computation to enable numerical computation of complicated shape. A model was designed using AUTO-CAD (AUTOCAD 2009, AUTODESK) and the model was programmed with JMAG code (J-MAG Studio 8.2, J-SOL Corp.).
8,9) A SAT form file was employed for transfer of suggested shape and made mesh on JMAG for the shape. Figure 3 (a) shows a model No. 3 that was designed to image a reverberator. An ore cone was designed employing the measured repose angle. Powder ore is reduced at the surface of the cone, and melted iron flows across the hearth part. To solve partial differential equations using FEM, we generally must set up the boundary conditions for a given problem. Figures 3(b) and (c) show the conditions for the simulation. The electric wall was defined at the metal surface and at a slot. The taphole was defined as the boundary condition for the transmission area.
The dielectric permittivity and the magnetic permeability of ore powders were taken from Ref. 10). In this study, the metal is assumed to be 0 ¼ 0 , where 0 (¼ 1:2566 Â 10 À6 H/m) is the permeability in free space. Since the metal is highly conductive, its permittivity is " % i=!, where is the static electrical conductivity (in this study, is 5:8 Â 10 7 (S/m), but the value is too small to have an effect on the simulation). The air is assumed to be 0 ¼ 0 and " ¼ " 0 . The microwave frequency was recorded as 2.45 GHz, and the output was 1500 W. The polarization direction became parallel to the X-axis and the microwave moved toward the furnace center. The FEM subdivides a complicated structure into very small elements with finite sizes. The FEM would need an infinite amount of time in the case of a huge model. This study employed a two-dimensional finite element procedure. Figure 4 shows particle size distributions against the total mass. Robe River powdery ore has a high proportion of medium size ore, as shown in this figure. Three times of measurement was performed and named the mountain for each measurement sample A, B and C each.
Result

The repose and wall friction angles
The repose angle (/ ) was plotted against diameters of the base circles of cones (D/mm) for the iron ore powder of the Robe River, as shown in Fig. 5 . The repose angle converged to 20-degrees when the case base circle was increasing. It was reported that a repose angle converges to a certain value, as the base of the circles increase. This tendency is in good agreement with the results of Fig. 5 . Figure 6 shows the size dependence of the repose angles for Robe River iron ore. The repose angles were measured for mixed, large, and medium powders. The mixed powder shows a higher repose angle than the large and medium powders, as shown in Fig. 6 .
Angles from the wall friction against the mass were plotted in Fig. 7 . The thickness of the powder phase was 10 mm. This figure shows that the angle has no dependence on the whole mass.
Results from electromagnetic field simulation
Figures 8 and 9 show an electric and magnetic contour map for a model No. 3. The hearth part measures 7 degrees in this model. The area is enclosed by high energy lines, which show the microwave focus area. Microwave energy moves from the waveguide to the inside of the furnace. The energy density decreased as a result of the energy diffusion described as a black color. The energy was concentrated into the taphole by the mirror, and increased at the ore surface as shown in this figure. The focus area corresponded to the area predicted through geometrical optics. In the case that the surface of the mountain was defined, the reflected wave had 800 W.
Discussion
An experimental uncertainty for the measurement
of each angle Generally, a measured angle includes many uncertainties. In this paper, the uncertainty was estimated from preexperiments to measure the height and the diameter at a factor of ten times for a cone. A standard deviation for the height was 0.7 mm, and that for the half direct was 0.9 mm. Therefore, the experimental uncertainty was estimated to be about 1 mm. The mixed powder showed a higher repose angle than the others as shown in Fig. 6 .
To consider this result, the height against the half direct was plotted for the mixed powder, as shown in Fig. 10 . A line was estimated by the least square method. The line did not pass through the original point, which could not be accounted for resulting from a difference of the glide plane, increasing weight, or uncertainty of the measurement. A tendency was observed for the powder with an attachment force.
11) The tendency can be explained in terms of the impact created by ores injection. Figure 11 shows a photo Radius of base circle of cone, r (=D/2) / cm Height of cone, H / cm Fig. 10 Height-base radius plot for cones. Fig. 11 Photo of a powder cone formed through the injection method. The top became dented from the ore injection. Large-size powder tends to slide in at a low angle, and each powder-size acts in an individual way.
of a powder cone formed by the injection method. The photo shows that the top became dented from the ore injection. The repose angle is 19.8-degrees, and the fine particles increased the angle, therefore, the ore cone was assumed to have 19.8-degrees in the models. The dent belongs to an error factor, however, in this study, we used the value including the error factor.
Powdery flow in a microwave smelting furnace
The wall friction angle was 24.2-degrees for mixed ore, and each particle individually played a role. The 4-degree angle makes it possible to separate pig iron in a laboratory scale experiment. The hearth angles of the model were designed to be about 1/3 lower than the measured values (7-degrees). Figure 12 shows the paths of pig iron that were reduced in the furnace. In a cold state, the iron powder slides across the surface of the cone from the point of view of the powder flow. When the iron was in its melting state, it followed the Path B. The separation of both the iron and the ore were dependent upon the blast furnace hearth angle.
Thermal capability of a microwave smelting furnace
and shape optimization Can microwave heating become a new energy source for iron making? The electromagnetic energy corresponds to (E Â H), and the half-value depth for the energy can be calculated using the dielectric permittivity and the magnetic permeability for the plane wave. In this calculation, the extinction coefficient of the (E Â H) is 0.56 (/cm) for ore powders with the 32-68 (mm) in radius. Where, e and i can be ignored for magnetite, because magnetite is heated in a microwave field. The half value depth is 1.24 cm. The half value depth for microwave energy is very shallow, as indicated in the calculation.
The authors think that the heating ability is not controlled by the half value depth, but rather, by the microwave energy flow. Actually, pig iron was rapidly produced from the mixed powder of a commercial magnetite ore and coal at low temperatures (about 1350 C) by heating in steps, with a constant power supply of 2 and 3 kW, as shown in Fig. 13 . The raw materials consisted of 73.1 magnetite, 3.41 silica, 1.21 alumina, 15.7 (mass%) carbons, and others in this work.
7) The pellet including carbon was employed in this measurement and succeeded in getting pig iron immediately. This figure indicates that the 2 kW power supply is sufficient to heat the ore at 1350 C for the case. More effective energy supply can be expected in this furnace showing effective microwave transmission.
EMF distribution in the furnace
For efficient operation of microwaves, it is important to concentrate the microwave energy into the taphole, as a result of model No. 3. This discussion will now focus on the predicted problem of EMF distribution. Figure 14 shows the results for the model No. 2. Both the model No. 1 and 2 have a wide slot to insert large quantities of raw materials, however, their model furnaces lost significant amounts of energy through the slot. The furnace leaked microwave energy through the slot, and the leaked energy was calculated to be 1/4 of the input energy. The model No. 3 was designed to correct the leaking defects in order to save energy.
Generally, microwave with over 1 kW/cm 2 energy densities makes air plasma state and microwave plasma disperses energy from the process. Many particles in the air decrease the limitation of the densities. In the system, the limitation is empirically over 200 kW/cm 2 and the theoretical concentration of microwave energy near the taphole is under the input energy. Adequate microwave irradiated from the power continues the microwave heating.
The EMF distribution predicted a difficulty in the process. The ore cone is a microwave absorber. There were no absorbers when the ore was refined. The reflected microwave wave output reached its peak when an electric wall was made on the cone surface. The maximum value was about 800 W, produced from 1500 W of input energy. This value was high enough to destroy a generator. This process requires a constant mixed injection of ore, coke, and other raw materials.
Conclusion
The design concept for a metal refining furnace was introduced and a microwave smelting furnace with low CO 2 emission was designed by following the concept. To design the furnace, the repose and wall friction angles were measured, and EMF distributions were calculated. The results were as follows: (1) The hearth angle needs a certain amount of degrees, and the degrees must be under 19.8-degrees in perspective with the mass transfer. (2) The reverberator type furnace was adequate for efficiently using microwave energy. (3) The output of the reflected microwave wave output reached its peak when an electric wall was made on the cone surface. The maximum value was about 800 W, produced from 1500 W of input energy.
